We show theoretically and experimentally the existence of a new quantum interference(QI) effect between the electron-hole interactions and the scattering by a single Mn impurity. Theoretical model, including electron-valence hole correlations, the short and long range exchange interaction of Mn ion with the heavy hole and with electron and anisotropy of the quantum dot, is compared with photoluminescence spectroscopy of CdTe dots with single magnetic ions. We show how design of the electronic levels of a quantum dot enable the design of an exciton, control of the quantum interference and hence engineering of light-Mn interaction.
Isolating and controlling states of a single quantum spin either on a surface of a metal 1, 2 or in a semiconductor quantum dot 3-10 is at an early stage. The spin of a single Manganese (Mn) ion is an atomic limit of magnetic memory, realized recently in semiconductor quantum dots [6] [7] [8] [9] [10] . The Mn ion with magnetic moment M=5/2 has been detected by observation of a characteristic excitonic emission spectrum consisting of six emission lines related to the 2M+1=6 possible Mn quantum states. The emission spectrum has been understood based on a spin model where exciton spin interacts with the spin of the Mn ion [6] [7] [8] [9] [10] [13] [14] [15] [16] . However, only a microscopic treatment of an exciton as a correlated excited state of the interacting quantum dot and the Mn as an impurity allows for full control of exciton-Mn coupling. This problem is related to the nontrivial enhancement of the electron-electron interactions by impurities 17 as well as the Kondo effect 18 .
Here we show theoretically and experimentally how one can manipulate the spin of Mn ion with light in a semiconductor quantum dot by engineering Mn-exciton interactions through design of a quantum-dot exciton 11, 12 . A new quantum interference (QI) effect between the electron-hole Coulomb scattering and the scattering by Mn ion is shown to significantly reduce the exciton-Mn coupling revealed by a characteristic pattern in the emission spectrum.
Engineering light-Mn spin interaction opens up new applications in quantum memory and information processing.
An exciton 11, 12 is composed of an electron with spin σ = 1/2 and a valence heavy hole with spin τ = 3/2 occupying single-particle levels |i = |n, m of two harmonic oscillators with quantum numbers n and m and energy E i 19,20 . The electron and hole shell structure E n,m is shown in Fig.1(a) . The state of an electron-hole pair |i, j |σ, τ is a product of the orbital part and the spin part. The lowest energy state, labeled |a in Fig.1(a) , corresponds to the electron and the hole on the s shell (n = 0, m = 0) while excited states |b and |c correspond to both the electron and the hole excited from the s shell to the p shell (n = 0,m = 1; n = 1,m = 0).
If the d shell is present in the quantum dot, another pair of excited states (labeled |g and |h in Fig.1(a) ) at a similar energy is possible where either the hole or the electron is excited from the s shell to the zero angular momentum state (n = 1,m = 1) of the d shell. The s, p, and d shells of a single CdTe quantum dot studied here appear as emission maxima with an increasing excitation power, as shown in Fig.1(b) . By rotating the electron-hole configurations to Jacobi coordinates 12 one finds that there are only three low-energy electron- hole configurations: |A = |a ,|B = 1/ √ 2 (|b + |c ) and |H = 1/ √ 2 (|h + |g )coupled by Coulomb interactions. We will also refer to these configurations as |SS , |P P and |SD .
Only configurations |SS and |P P are optically active but Coulomb scattering couples all three exciton configurations, and in particular the degenerate configurations |P P and
By diagonalizing the electron-hole Hamiltonian
) and h iτ (c iσ ) are create and anihiliate hole (electron) on the orbital i with spin τ (σ)) in the space of all configurations we obtain the ground and excited states as well as the absorption spectrum, shown in Fig.1(c) . We see that for a quantum dot with s-d shells the p-shell splits into two lines due to the |SD configuration resonant with the |P P configuration 12 , and correspondingly, contributes to the ground state |GS of the exciton: |GS = A ss |SS + A pp |P P − A sd |SD . We note that the |P P and |SD configurations contribute to the |GS with opposite signs, a result of different signs of Coulomb matrix elements SS|V |P P = − SS|V |SD connecting the |P P and |SD configurations with the |SS configuration.
The interacting electron-hole-Mn system is described by the Hamiltonian 14 :
The first term is the electronhole Hamiltonian H EH , the second term is the electron-hole exchange term 21, 22 
+ iσ c iσ which breaks the cylindrical symmetry of the quantum dot and mixes the single particle states with different angular momenta. The fourth term is the Zeeman energy of the magnetic ion, the spin of the hole and of the elec-
Lande g-factors and µ B the Bohr magneton. The hole-Mn ion Hamiltonian 
We now turn to evaluate the exchange interaction of the exciton with the Mn spin, dominated by the valence hole-Mn Ising-like interaction 14, 24 . The spin of the hole plays the role of the effective magnetic field, leading to the "exchange" splitting of different M Z states:
With p orbitals not coupled to the Mn in the center of the dot 23 :
We see that the exchange splitting α = 3/2 A * ss 
, where is the exchange splitting of the Mn levels in the first excited exciton state |ES > with energy E ES and δE = E ES − E GS . The main result is the nonuniform and renormalized spacing of Mn energy levels in the s shell:
Figure2(a) shows the results of numerical calculations, of the average spacing of Mn energy levels in the s shell as a function of the number of shells, for parameters typical for a CdTe quantum dot. Indeed, we see that the spacing is reduced by a factor of 2 when the quantum dot admits the d shell. The renormalization of s-shell Mn energy levels by the excited exciton state is shown schematically in Fig.2(b) . We see that the ground and excited levels corresponding to the same M Z are coupled by Mn, the coupling strength is different for each M Z leading to energy shift, with states with higher |M Z | shifting more, The experimental spectra of the emission from quantum dots were obtained for CdTe ions, embedded in a ZnTe matrix. The density of quantum dots was about 5x10 9 cm 2 . The Mn 2+ concentration was adjusted to obtain a significant number of QDs containing exactly one Mn 2+ ion 25 . For the measurements, the sample was placed in a micro-photoluminescence setup composed of piezo-electric x − y − z stages and a microscope objective. The system was kept at the temperature of 4.2K in a helium exchange gas. The PL of the QDs was excited either above the gap of the ZnTe barrier (at 532nm) or using a tunable dye laser in the range 570 − 610nm. Both the exciting and the collected light were transmitted though a monomode fiber coupled directly to the microscope objective. The overall spatial resolution of the set-up was better then 1µm which assured possibility to select different single quantum dots containing a single Mn Experiments are on the way to verify the predicted absorption spectra.
In summary, we formulated a microscopic description of the exciton-Mn interaction which spectra as the decrease of emission peak spacing with increasing state of the Mn. This opens the possibility of engineering exciton-Mn spin interaction in quantum dots via quantum interference for quantum memory and information processing applications.
